Docket No.: 3493-0157PUS1 
(PATENT) 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

In re Patent Application of: 
Anne-Marie PINEL et al. 

Application No.: 10/565,009 Confirmation No.: 7178 

Filed: January 1 8, 2006 Art Unit: 1 654 

For: NOVEL PEPT1DIC CONJUGATES FOR Examiner: J. HA 

ALOPECIA PREVENTIVE AND CURATIVE 
TREATMENT 

DECLARATION UNDER 37 C.F.R. S 1.132 

Commissioner for Patents 

P.O. Box 1450 

Alexandria, VA 22313-1450 

Sir: 

I, Dr. Michel Hocquaux, declare the following: 

I am a co-inventor of the above-identified U.S. Patent application. 

I have read and understand the specification and claims to the above-identified 
application and the outstanding Office Action of June 28, 2007. 

I am experienced in the field of cosmetics, as demonstrated by my curriculum viteae, a 
copy of which is attached hereto as Exhibit A. 

I understand the Examiner's rejections as set forth in the Office Action of June 28, 2007, 
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including rejections based on enablement under 35 U.S.C. § 1 12, first paragraph. As evidence of 
enablement of the presently claimed invention, I submit hereinbelow additional empirical and 
objective evidence of the efficacy of the presently claimed invention. The experiments presented 
below were conducted by Bioalternatives and located in Gen9ay (France) under my supervision 
and direction. These experiments provide data which demonstrate the effectiveness of the 
presently claimed methods and compositions for the purposes recited in the present claims. 
Briefly, the experiments were performed as follows, generating the following data: 
The in vitro growth of human hair follicles in a control medium or in presence of peptide 
conjugates claimed in the present application has been analyzed as follows. 

METHODS 

Preparation of human hair follicles 

Human hair follicles were obtained from human scalps obtained after plastic surgery and 
their in vitro growth analyzed as described in Philpott et al., J Cell ScL, 1990, 97(Pt 3):463-71 
(copy of which is attached hereto as Exhibit B). Briefly, human anagen hair follicles were 
isolated by microdissection from human scalp skin obtained after plastic surgery. 

Isolation of the hair follicles was achieved by cutting the follicle at the dermo- 
subcutaneous fat interface using a scalpel blade. Intact hair follicles were then removed from the 
fat using watchmakers' forceps. 

Isolated hair follicles were then maintained free-floating in 500 \iL of Williams E 
medium supplemented with 1 % fetal calf serum, 1 mM-L-glutamine, insulin (10 jig/ml), 
transferring (10 jig/ml), hydrocortisone (10 ng/ml), sodium selenite (10 ng/ml), Fungizone (2.5 
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jig/ml), penicillin/streptomycin (100 units/ml) and trace elements (Gibco) in individual wells of 
24-well multi-well plates. Various concentrations of several peptide conjugates according to the 
presently claimed invention were also added to the medium. The following peptides were added 
to supplemented Williams E medium: 



Name 


Formula 


Corresponds to 


FT04 


Ac-Arg-Lys-Asp- 
Val-DHomoPhe 


Claim 4, peptide conjugate number 1, wherein A 
= acetic acid 


RE20 


Ac-DLys-Asp-Val- 
Dopa-NH 2 


Claim 4, peptide conjugate number 4, wherein A 
= acetic acid 



In negative control experiments, no additional compound was added to the supplemented 
Williams E medium. 

Culture of follicles and measurement of growth 

Follicles were maintained free-floating in individual wells of 24-well multi-well plates, at 
37 °C in an atmosphere of 5% C0 2 /95 % air for 7 (first series) or 8 (second series) days. This 
permitted detailed measurements to be made on the length of individual hair follicles. 
Measurements were made on day 7 or 8 using a Nikon Diaphot inverted binocular microscope 
with eye-piece measuring graticule. 
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RESULTS 

The mean supplementary percentage of growth of hair follicles in the presence of FT04 
or RE20 compared to hair follicles in control medium was calculated. Results are displayed in 
following Table 1: 



Compound added 


Concentration 


Mean supplementary 
growth % compared to 
negative control 


FT04 


1.4 lO* M 


46% 


RE20 


lO^M 


33% 



For each peptide conjugate, the experiment was conducted on at least 12 human hair 
follicles, 

CONCLUSION 

These results clearly show that the peptide conjugates, as exemplified by peptide 
conjugates FT04, RE20, trigger an increase in the growth of human hair. 
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STATEMENT UNDER 18 U.S.C. 8 1001 



I hereby declare that all statements made herein of any own knowledge are true, and that 
all statements made on information and belief are believed to be true; and further, that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issued thereon. 




Attachments: Exhibit A - curriculum viteae of Dr. Michel Hocquaux 

Exhibit B - copy of Philpott et al., J Cell ScL, 1990, 97(Pt 3):463-71 
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Summary 

We report for the first time the successful mainten- 
ance and growth of human hair follicles in vitro. 
Human anagen hair follicles were isolated by mic- 
rodissection from human scalp skin. Isolation of the 
hair follicles was achieved by cutting the follicle at 
the dermo-subcutaneous fat interface using a scal- 
pel blade* Intact hair follicles were then removed 
from the fat using watchmakers' forceps. 

Isolated hair follicles maintained free-floating in 
supplemented Williams E medium in individual wells 
of 24-well multiwell plates showed a significant 
increase in length over 4 days. The increase in length 
was seen to be attributed to the production of a 
keratinised hair shaft, and was not associated with 
the loss of hair follicle morphology. [methyl~ 3 H] thy- 



midine autoradiography confirmed that in vitro the 
in vivo pattern of DNA synthesis was maintained; 
furthermore, [^methionine labelling of keratins 
showed that their patterns of synthesis did not 
change with maintenance. 

The importance of this model to hair follicle 
biology is further demonstrated by the observations 
that TGF-/J1 has a negative growth-regulatory effect 
on hair follicles in vitro and that EGF mimics the in 
vivo depilatory effects that have been reported in 
sheep and mice. 



Key words: human hair follicles, organ maintenance, growth 
factors. 



Introduction 

The hair follicle is composed of epithelial components (the 
matrix and outer root sheath) and dermal components (the 
dermal papilla and connective tissue sheath). Hair 
growth, which is effected by the division of the hair follicle 
matrix cells under control of the dermal papilla, is cyclical 
in the mammal. Three distinct stages of hair growth can 
be identified, an active phase (anagen) during which hair 
growth occurs, an intermediate regressive (catagen) stage 
and a resting phase (telogen) during which no cell 
proliferation occurs. The factors that regulate cell division 
within the hair follicle matrix cells, and which control the 
hair growth cycle, are poorly understood, although growth 
factors (Moore et al. 1981; Green et al. 1983; Green and 
Couchman, 1984; Panaretto et al. 1984; Nanney etal. 1984; 
Akhurst etal 1988; Green, 1989; Messenger, 1989), steroid 
hormones (Takayasu and Adachi, 1972; Schweikert and 
Wilson, 1974; Sultan et al. 1989), dermo-epithelial 
interactions (Jahoda et al 1984) and the immune system 
(Sawada et al. 1987; Pauss et al. 1989) have been 
implicated. Our lack of understanding of the regulation of 
hair growth has been caused in part, by the lack of good in 
vitro models (Philpott et al. 1989; Buhl et al 1989). We now 
report for the first time on the successful growth of human 
hair in vitro, and on the in vitro effects of growth factors 
and mitogens on our model. In particular, we show that 
epidermal growth factor (EGF) mimics the in vivo 
depilatory action of EGF, resulting in the formation of a 
club hair-like structure; and that transforming growth 
factor beta one (TGF-01) may serve as a negative growth 
regulatory factor for the hair follicle. 

Journal of Cell Science 97, 463-471 (1990) 

Printed in Great Britain © The Company of Biologists Limited 1990 



Materials and methods 

Materials 

Williams E medium (minus glutamine), L-glutamine, Fungizone, 
penicillin and streptomycin were supplied by Gibco, all other 
tissue culture supplements came from Sigma. Polycarbonate 
filters were supplied by the Nucleopore corporation. All radio- 
chemicals were from Amersham, GF/C filters came from 
Whatman and ATP monitoring kits were supplied by LKB 
Instruments Ltd. Mouse EGF and TPA were purchased from 
Sigma. Porcine TGF-01 was from R&D systems lnc; synthetic 
human IGF-1 was supplied by Bachem Feinchemikalien. Minoxi- 
dil was a kind gift from Unilever Research, Colworth House, 
Sharnbrook, Bedford; EGF, TGF-01 and IGF-1 were all assayed 
for mitogenic activity using 3T3 or keratinocyte test cells at 
Unilever and were found to have the expected biological 
activities. 



Isolation and maintenance of human hair follicles 
Human anagen hair follicles were isolated by microdissection 
from human scalp skin, taken from females aged 35-55 
undergoing facelift surgery. Isolation of hair follicles was 
achieved by using a scalpel blade to cut through the skin at the 
dermo-subcutaneous fat interface. The intact hair follicle bulb 
was removed from the subcutaneous fat, under a stereo dissecting 
microscope, using watchmakers' forceps, by gently gripping the 
outer root sheath of the follicle in the forceps and pulling the hair 
follicle from the subcutaneous fat. This results in the isolation of 
intact hair follicle bulbs without sustaining any visible damage, a 
factor that is essential if successful maintenance of hair follicles is 
to be achieved. 

Isolated hair follicles were maintained in 500 //I of Williams E 
medium with supplements as previously described (Philpott et al. 
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1989). Follicles were maintained free-floating in individual wells 
of 24 -we 11 multi-well plates, at 37 °C in an atmosphere of 5% 
CO2/95 % air. This permitted detailed measurements to be made 
on the length of individual hair follicles. Measurements were 
made using a Nikon Diaphot inverted binocular microscope with 
eye-piece measuring graticule. 

Rates ofDNA and protein synthesis 

The rates of DNA and protein synthesis in isolated hair follicles 
were investigated by measuring the rates of incorporation of 
[me*/iyZ- 3 H]thymidine and [U- u C]leucine, respectively, into per- 
chloric acid (PCA)-precipitable material. Incubations were car- 
ried out in plastic Eppendorf tubes containing 500 /il of Williams 
E medium supplemented with 1 j»Ci of 3 ;im [me*fcy/- 3 H]thymidine 
(specific activity O^mCi/imoP 1 ) and 0.5//O of 0.5 mM [U- 
l4 C]leucine (specific activity 2mCimmo!~ l ); samples of thymi- 
dine and leucine were freeze dried prior to the addition of the 
Williams E medium to remove all traces of ethanol. Eppendorf 
tubes containing hair follicles were then incubated in stoppered 
plastic tubes containing 0.5 ml of distilled water in a gently 
shaking water bath at 37 °C in an atmosphere of 5 % CO2/95 % 0 2 . 
Incubations were carried out for 3 h. 

After incubations were complete, the Eppendorf tubes contain- 
ing the hair follicles were removed from their plastic tubes and 
briefly centrifuged at 12 000 # to bring down the hair follicles. The 
supernatant was then removed with a Pasteur pipette taking care 
not to remove the hair follicles as well. The follicles were then 
washed by resuspending them in 1 ml of PBS supplemented with 
10 mM thymidine and 10 mM leucine; the follicles were then 
briefly centrifuged as before and the supernatant removed. After 
three such washes the follicles were resuspended in 1 ml of 0,1 m 
EDTA, pH12.3, and transferred using a Pasteur pipette to a 
ground-glass homogeniser. Following homogenisation, the hom- 
ogenate was transferred to an Eppendorf tube and centrifuged for 
15 m in at 12000& to precipitate cell debris, after which the 
supernatant was removed for assay. Samples (100 /d) were 
removed for total DNA assay, and macromolecules in the 
remaining supernatant were then precipitated by the addition of 
500/il of 25 % (v/v) PCA. The samples were then left overnight at 
4°C. 

The resulting precipitate was collected onto Whatman GF/C 
Alters, under vacuum. The Alters were then washed with 10 ml of 
10 % (w/v) trichloroacetic acid (TCA) followed by 5 ml of 5 % (w/v) 
TCA and then dried with 1 ml of ethanol/diethyl ether (1:1, v/v). 
Radioactivity was counted in 10 ml of Optinuor® scintillant using 
dual counting liquid scintillation spectrometry. Control exper- 
iments were carried out in which the cell debris was solubilised in 
1 ml of Soluene® and radioactivity counted in 10 ml of Optifluor® 
as described above, these controls showed that less than 10% of 
incorporated radioactivity was discarded in the cell debris pellet. 

Hair follicle DNA content 

Total hair follicle DNA content was determined using the 
fluorometric dtaminobenzoic acid method (DABA) of Fiszer- 
Szafarz et at, (1981). Portions (100 pi) of sample were freeze dried 
under vacuum using a Virtis unitrap vacuum freeze drier. DABA 
(0.45gmr l ) was made up in distilled water decolorised by 
shaking with activated charcoal (0.15 g ml" 1 ) for 3 h, then filtered 
through a Millipore filter (0.45 j/m) and stored in a glass vial in 
the dark until required (DABA was prepared fresh daily and not 
stored overnight). DABA (100 ;il) was then added to the samples, 
which were incubated in a water bath for 45 min at 60°C. After 
this 1.5 ml of 1m HC1 was added to the samples and the 
fluorescence measured using a Perkin Elmer LS5 spectrofluor- 
ometer with an excitation wavelength of 420 nm and an emission 
wavelength of 520 nm. DNA standards were made up in 0.1m 
EDTA and treated in exactly the same way as the samples. 

Hair follicle ATP contents 

This was measured using LKB-ATP monitoring kits based on the 
luciferin luciferase assay of ATP (Stanley and Williams, 1969). 
Hair follicles were placed in 500 /il of Williams E medium to which 
was added 100 /il of 20 % PCA; the follicles were then left on ice for 



30 min, following which 20 //l of sample was removed and 
neutralised with KOH. The sample was then centrifuged at 
12 000 g for 5 min, after which a 10 /il sample was taken and 
assayed for ATP by adding 80 /d of 0.1 M Tris-acetate buffer, 
pH 7.75, followed by 10 /d of monitoring reagent. The ATP content 
was then measured using a LKB 1250 luminometer. 

Autoradiography 

Hair follicles were incubated for 6 h in 500 /il Williams E medium 
containing 5 j<Ci [me<AyJ- 3 H]thymidine (spec, act 3.3 //Ci nmoP l ). 
After incubation follicles were washed in PBS supplemented with 
10 mM thymidine and then fixed for lh in phosphate-buffered 
formaldehyde. Follicles were then mounted in 3% agar fixed 
overnight in phosphate-buffered formaldehyde and then embed- 
ded in wax and sectioned. Autoradiographs were prepared using 
Ilford K5 dipping emulsion. Sections were stained using 0.1% 
Toluidine Blue. 

Patterns of keratin synthesis 

These were investigated by incubating the hair follicles in 500 //I 
Williams E medium containing 100 //Ci of 1 mM ( 35 SJmethionine 
(spec, act 0.22/iCinmol" 1 ) for 24 h at 37°C. Follicles were then 
washed three times in PBS containing 10 mM methionine and 
then homogenised in ice-cold lysis buffer (1 % Triton X-100, 1 % 
sodium deoxycholate, 0.1 % SDS, 50 mM NaCl, 5mM EDTA, 1 mM 
phenylmethylsulphonyl fluoride (PMSF), 50 mM Tris-HCl, 30 mM 
sodium pyrophosphate, pH 7.4; Green et al. 1986). The homogen- 
ate was centrifuged at 12 000 £ in an Eppendorf microtube for 
15 min and the supernatant was discarded. The pellet was then 
twice extracted with a high-salt buffer (600 mM KCI, 5 mM EDTA, 
5mM EGTA, 50 mM Tris-HCl, pH7.4; Mischke and Wilde. 1987). 
The supernatant was discarded and the insoluble pellet analysed 
by sodium dodecyl sulphate (SDS)-acrylamide gel electrophoresis 
as described by Laemlii (1970). Gels were then dried under 
vacuum and autoradiographs produced using Kodak X-OMAT 
diagnostic film. 

Immunoblot analysis of proteins to identify keratins was 
carried out by electrophoretic transfer from gels to nitrocellulose 
membranes (Towbin et al. 1979), using a Bio-Rad Trans Blot 
system (Bio-Rad Laboratories). Membranes were incubated for 
2h at room temperature in PBS containing 5% skimmed milk, 
0.05% Tween 20 to reduce non-specific binding, and then 
overnight with a wide spectrum rabbit anti-keratin polyclonal 
antibody (Dakopatts). The membrane was then washed for 30 min 
in PBS containing 0.05 % Triton X-100, and then incubated for 2 h 
with a 1:1000 dilution of goat anti-rabbit IgG peroxidase 
conjugate (Sigma). Bands were visualised by incubating the 
membranes with PBS containing O.Smgml" 1 3,3'-diaminobenzi- 
dine, 0.01 % H 2 0 2 . 



Results 

Isolation and maintenance of hair follicles 
It was found that by cutting human skin into thin strips 
approximately 3-5 mm x 10 mm and then using a scalpel 
blade to cut away the subcutaneous fat at the level of the 
sebaceous gland, and using a pair of watchmakers' forceps, 
it was possible to isolate in excess of 100 human anagen 
hair follicles in 1-2 h from a piece of skin 4 cm x2 cm. Hair 
follicles in the early catagen stage of their growth cycle 
were occasionally seen, but were not used in these 
experiments. 

Measurements made on freshly isolated human hair 
follicles and at 24 h intervals show (Fig. 1) that in vitro 
isolated human hair follicles significantly increased in 
length over 4 days in culture (P<0.001); the rate of growth 
in vitro being 0.3 mm a day (n=6 patients, 36 follicles in 
total), which approximates closely to that seen in vivo 
(Myers and Hamilton. 1951). 

Photographs taken of freshly isolated and maintained 



464 M. P. Philpott, M. R. Green and T. Kealey 




Fig* 1. Human hair follicle growth in vitro. Graph shows 
human hair follicle growth in culture over 96 h. Results 
expressed as the meants.E.M. for sequential measurements 
made on hair follicles isolated from n=6 skin biopsies 
(minimum of 6 hair follicles used from each biopsy). 



hair follicles (Fig. 2) show that the increase in length over 
4 days was not associated with any disruption of hair 
follicle architecture. In particular, the length increase can 
be seen from Fig. 2 to be attributed to the production of a 
keratinised hair shaft. 

In order to determine whether the increase in hair 
follicle length observed above was due to the normal 
mechanisms of cell proliferation and migration, [methyl- 
3 H]thymidine autoradiography was carried out. Fig. 3A 
shows that in the freshly isolated follicles the typical 
pattern of DNA synthesis is taking place, with the 
majority of thymidine uptake occurring in the matrix cells 
of the hair follicle bulb, adjacent to the dermal papilla. 
Autoradiography carried out on hair follicles maintained 
for 4 days (Fig. 3B) shows that over 4 days of maintenance 
this pattern remains constant. 



The pattern of keratin synthesis was studied by 
incubating hair follicles with [ 35 S]methionine for 24 h at 
37 °C, after which cell extracts were separated by one- 
dimensional SDS-PAGE and analysed by autoradiogra- 
phy. The pattern of keratin synthesis observed in freshly 
isolated hair follicles under our conditions is shown in 
Fig. 4A (lane 1). In freshly isolated hair follicles using a 
10 % gel we were able to resolve five major bands; a doublet 
of 56 and 59K (K=10 3 Af r ) and a triplet of 48/49/50K. We 
also observed a number of faint lower molecular weight 
bands between 40 and 46K, which included a doublet at 
44/46K. Control experiments using immunoblot analysis 
of gels with a wide-spectrum keratin antibody confirmed 
that all these bands were keratins (Fig. 4B). 

It was also observed that the pattern of keratin 
synthesis remained unchanged in hair follicles main- 
tained for 4 days (Fig. 4A, lane 2). 

The effects of growth factors and mitogens on human 
hair follicle growth in vitro and on the rates of /methyl- 
3 H]thymidine and [U- 24 C]leucine uptake and on hair 
follicle ATP content 

The results of this study are shown in Table 1. All 
measurements of hair follicle length were carried out over 
a 72 h period and rates of [mei/iy/- 3 H]thymidine and [U- 
14 C]leucine uptake and hair follicle ATP content were 
measured after 72 h in culture. 

Table 1 shows that for hair follicles maintained for 72 h 
in Williams E medium containing 1 % FCS the rate of hair 
follicle growth was 0.81±0.04mm per 72 h, the rate of 
[metf*y^ 3 H]thymidine uptake was 2.57±0.35pmol//g~ l 
DNA per 3 h (mean±s.E.M.), and the rate of [U-^Heucine 
uptake 204±24pmol/<g~ 1 DNA per 3h (mean±s.E.M.); 
hair follicle ATP content was 713±65pmol follicle" 1 
(mean±s.E.M.). 

When hair follicles were maintained with EGF 
(lOngmP 1 ) the rate of hair follicle growth was 
0.70±0.05 mm per 72 h and was not significantly different 
from that of follicles maintained in 1% FCS alone, but 
there was a most striking change in the morphology of 
hair follicles maintained with lOngml" 1 EGF. Fig. 5 
shows sequentially at 24 h intervals the changes that 
occur in the overall morphology of human hair follicles 
maintained with EGF (lOngmP 1 ). These observations 



Table 1. The effects of growth factors on in vitro hair follicle growth, [methyl- 3 H] thymidine and [U- 14 C]leucine 

uptake and hair follicle ATP content 



Treatment 


Follicle growth 
(mm over 72 h) 
(n=6 samples) 


l 3 HJthymidine 
(pmoI/ig" ! DNA per 3h) 
(n=6 samples) 


[ I4 C]leucine 
(pmol ng~ l DNA per 3 h) 
(n=6 samples) 


ATP content 
(pmol follicle" 1 ) 
(n»3 samples) 


1 % FCS 


0.81±0.04 


2 57±0 35 


204 ±24 


713±65 


TGF-01 (lOngmr 1 ) 


0.57*0.03*** 


1.56±0.2l* 


175±22 


653±20 


IGF-1 (SOngm)-') 


0.76±0.05 


4 04±0 39* 


255±30 


485±39* 


EGF (lOngmr 1 ) 


0.70±0.05 


1.19±0 37* 


357±71 


698±43 


TPAdOOngml- 1 ) 


0.46±0 04"* 


1.29±0.29* 


165±28 


297±16* 


20 % FCS 


0.85+0.05 


2.64±0.37 


328±42 


Not measured 


Serum-free 


0.93±0.03* 


2.7110.64 


193±28 


610±54 


Minoxidil 










200//gmr l 


0.63±0.05* 


1.78±0.27 


169±21 


694±28 


10/zgml" 1 


0.83±0.03 


3.51 ±0.62 


232±14 


630±52 


LOngmr 1 


0.91 ±0.03 


2.47±0.70 


148±43 


618±98 



Hair follicles were isolated and maintained in Williams E medium containing supplements as described in the text, with the additional growth- 
regulatory factors as listed in the table. Hair follicle measurements were made on at least 6 hair follicles from each sample of skin. Rates of [methyl - 
3 Hjthymidtne and lU- l4 CJleucine uptake were measured after the hair follicles had been maintained for 72 h in the presence of the relevant growth 
factors. Experiments were carried out using 5 follicles in duplicate from each skin sample. Hair follicle ATP contents likewise were measured after 
hair follicles had been maintained for 72 h with the relevant growth factor using 4 follicles in duplicate from each sample. Statistical analysis was 
carried out using Student's /-test to compare differences between follicles maintained with 1% FCS and treated follicles (*P<0.05. "*P<0 01 
♦•*P<0.001). 
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Fig. 2. Light micrographs taken under an inverted microscope showing the sequential growth of the same hair follicle in culture 
over 96 h. Clearly visible are the dermal papilla (dp), hair follicle matrix (m), outer root sheath (ors), connective tissue sheath (cts) 
and hair shaft (h). The increase in hair follicle length can be seen to be attributed to the production of a hair shaft (A) Freshly 
isolated hair follicle; (B) after 24 h maintenance; (C) 48 h; (D) 72 h, and (E) 96 h 



show that over a 72 h period, human hair follicles 
maintained with lOngml" 1 EGF show considerable 
changes in their hair follicle morphology, especially in the 
hair follicle bulb where the hair shaft forms a club hair- 
like ;&ructure; This structure then moves slowly upwards 
within the hair follicle over 72 h until after 5 days it is 
nearly extruded from the hair follicle. There was moreover 
a i gigiiificant decrease in the rate of [mef%/- 3 rDthymidine 
uptake to 1.19+0.37 pmol^g" 1 DNA per 3h (meant 
S.E.M ) when compared with that for follicles maintained 
in. 1% FCS, the rate of [U- l4 C]leucine uptake at 
§S1±1lpm6\ fe~ x DNA per 3h, and a hair follicle ATP 
content of 698+32 pmol follicle"* were, however, not 
significantly different. 

In the presence of TGF-01 the rate of increase of hair 
follicle length was found to be 0.57 ±0.03 mm per 72 h 
(meM+S-E.M^j this was significantly less (P<0.QG1) than 
that pf hair follicles maintained with 1 % FCS. The.rate of 
tmeihylr H]thyrnidine uptake for hair follicles maintained 
with; TGFr)51 was 1.56 ±0,21 pmol/zg -1 DNA per 3h 
(mean±S.E;M ;), which was also significantly less than that 
of foiiicles maintained with 1 % FCS (P<0M). The rate of 
^U.^GJieucine uptake at 175±22pmol ^ 1 DNA per 3 h 
was not, however, significantly different, and neither was 
the hair follicle ATP content at 653±20 pmol follicle" 1 . 

IQF-1 OOngml" 1 ) had no significant effect on hair 
follicle length in vitro, but did significantly increase 
(P<0 05) the rate of [me%/- 3 H]thyinidine uptake to 
404±039 pmol ^ig' 1 DNA per 3h (mean±s.E m;) IGF-1 
^id.noii .however, have any significant effect on the rates of 
(XJ-^C]leucine uptake, which was 255±30 pmol tfg" a DNA 



per 3h (mean±s.E.M.), but did significantly reduce the 
ATP content of the hair follicle to 48.5+3$ pmol follicle^ 
(mean±S;E.M., P<0.05)> 

For hair follicles maintained with 12-O-tetra-decanoyl- 
phorboM3-8icetate (TPA, lOO ngml^ 1 ) the rate of growth 
was reduced to 0,46 ±0.04 mm per 72h; this value was 
significantly less (P<0.00i) than that of hair follicles 
maintained with 1 % FCS alone. The rate of Imthyfc 
^thymidine uptake for hair follicles was 
l.#±6;29 pmpl ^g"^ DNA per 3h (mean+s.E.M.) arid this 
value too was significantly less than that for hair follicles 
maintained in 1% FCS alone (P<6\05). TPA had no 
significant effect on the rate of [U-- ^Cljleucine uptake, 
Which ^ was 165±28 pmol jug" - DNA per 3 n (mean±s.E.M.)i. 
but did significantly reduce the hair follicle ATP content fo 
^7±16pmoifoliicle' 1 : 

For hair follicles maintained in serum-fi^e WilRanui E 
medium the rate of hair follicle growth was0 ; 93±0tt3mrn 
per 72 h (mean±s £ m ), this value was; significantly 
higher than that for follicles maintained in Williams: E 
medium containing 1% FCS (P<005). There was no 
significant difference between the rates of; [methyl- 
^thymidine: or [U' l4 Cileucine Uptake in' follicles mai'rir 
tained in serum-free medium when compared with those 
maintained in medium containing 1 % PCS, rijOir was there 
any significant difference between; the ATP contents of 
hair follicles maintained in serum-free medium or 1% 
FCS. For hair follicles maintained.in 20 % FCS there was 
also no significant difference in the rate/ of hair fotiicle 
elongation and the rates of [m&^ uptake 
tod ro« 14 C]leucine uptake or lu# : Mlicte contents;. 
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Fig. 3, Tritiated thymidine autoradiographs of isolated human hair follicles showing: (A) freshly isolated; and (B) 96 h maintained 
follicle's; Freshly isolated hair follicles show the typical pattern of DNA synthesis in the hair follicle with the majority of thymidine 
uptake occurring in the matrix cells (mj of the hair follicle bulb, adjacent to the dermal papilla (dp). After 96h in culture the 
pattern of DNA synthesis remains unchanged. 



Experiments carried out on hair follicles maintained 
with Minoxidil at 200 ng ml" 1 or at 10 /igml" 1 showed that 
neither of these had any significant effect on either the 
rate^ of ltoir follicle growth over 72 h or on the rates of 
lmeihyi- B $%hymitine uptake or [U- 14 C]leucine uptake, 
ppr was there any significant effect on hair follicle ATP 
content. For hair follicles maintained with Minoxidil at 
SOOjugmi" 1 for 72. h. there was a significant inhibition 
(P<OJM of the rate hair follicle growth to 0.63+0.05 mm 
per (mean±s.E.M.); Minoxidil at this concentration 
had, no :Significant effect on the rate of either [methyl- 
3 H] thymidine or [U- 14 C]leucine uptake* or on the hair 
ifpicle AOpiP content. 

The effects of growth factors and mitogens on the longer- 
term growth of human hair follicles in vitro 
The; effects of serum on the longer-terra growth of hair 
follicles in vitro is shown in Fig. 6 and shows that serum 
hais a^inhibitory effect on hair follicles maintained over a 
5?4ajf peripd, It was observed that at 5 days hair foil idles 
maintained in serum-free medium were still.growing in a 
linear fashion; but that hair follicles maintained with 1% 
EGS werfe significantly inhibited (P<0.01) as was the 
•^^^^^'•toWd^s maintained in 20 % FGS (P<0.01). 
There was no significant difference between hair follicles 
maintained in 1 % and 20 % FGS. 

The; effects of growth factors and TPA are shown in 
EigvTl This figure shows that both TGF-01 (iOngmT 1 ) 
and TPA^( J00 ng ml" 1 ) significantly inhibited human hair 



follicle growth after 5 days in culture (P<0;01) and 
(P<0.001), respectively, when compared to control exper- 
iments. EGF (lOngmr 1 ) and IGF-1 (30 ng m r x ) had: ho 
significant effect on hair follicle length when compared to 
controls. 

The effects of Minoxidil on hair follicles maintained for. 5 
days is shown in Fig. 8 and shows that 200ngml~ 1 
Minoxidil appeared to stimulate hair follicle growth 
significantly over 5 days (P<0.01) when compared \yith 
controls. Minoxidil at lO^gml" 1 had no significant effect 
on hair follicle growth; whereas 200 /igml" 1 Minoxidil 
significantly inhibited hair follicle growth (P<0.01). 

Discussion 

In this study we have demonstrated for the first time the 
successful maintenance and growth of human hair fpllicje§ 
in vitro. We have shown that human hair fpllicles isolated 
by microdissection and maintained free-floating show a 
significant increase in hair follicle length (P<0.01) oyer 4 
clays in culture when maintained in Williams E medium 
containing 1 % FCS. The rate of increase in hair follicle: 
length was 0.3 mm/day; arid this rate of increase apppu^ 
mate? i; to thjat seen in the in vivo scalp hair follicle. (Myers 
and Hamilton, 1951). It was observed that this increase in 
hair follicle length was not associated with any loss-ofliair 
follicle architecture and, furthermore, it was observed that 
the increase in hair follicle length was associated w;£th: an 
increaise in j^e length of the keratinised hair shaft- 
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Fig. 4. (A) (^Slmethionihe autoradiography 
showing the pattern of keratin synthesis in 
freshly isolated hair follicles: (lane 1) and 
after 96 h maintenance (lane 2), and showing 
that the pattern of keratin synthesis remains 
unchanged in maintained hair follicles. AH 
gels were loaded with the total keratin 
eitra^^fi^;%V0 hair follicles. 
(B) Immunoblotc^ 

spectrum anti-keratin antibody on freshly 
isolated hair follicles (lane 1) and. after ^6 h 
maintenance (lane 2). Confirming that the 
bands observed in A; are keratins, 



Further evidence to support the successful maintenance 
of hair follicles in vitrql i$ demonstrated by [methyl- 
3 H]thymidirie autora&ogrsphy; In freshly isolated hair 
follicles the hi^ority pf DSfA t&eis place in the 
ma trix cells' of the hair fpfe observed that 

in hair follicles maintained for 4 <Jays> this pattern of 
synthesis was maintained. These data show that in vitro 
hair follicles are able to maintain the in vivo pattern of 
iDJ^ $y^ithesiSi and so itis r£^ that the 

production of a keratinized h£ir shaft: in the maintained 
hair follicle occurs as a result of matrix cell division in the 
hair follicle bulb. 

We haye also observed thafr the pattern of keratin 
synthesis observed in; freshly isolated hair follicles is 
sustained in hair follicles m^ vitro for 4 days. 

These observations on the. patterns of keratin synthesis 
are; however, only a preliniinffiry study; and to character- 
ise Mly the patterns, of keratin synthesis would require 
t^rdirnM gels. How^jBr^it^^ that 



the overall patterns remain unchanged arid support our 
other observations, arid also; show that we are: able to 
mairitairi- hurilari hair follicles in vitro successfully^ and 
that they continue to produce: a keratmised hair shaft 

Tbdemonstrate norther the; imp.ortance^of this model we 
have studied the- effects of a number of; grbwth^re^ulatory 
factors arid mitogens pit the in vitro rates of hair follicle 
elongation^ and [U^GBeucine up- 

take and on hair fplUcle; vfebUity* as determined by 
measuring: their ATP conterits.vEhe most dramatteeffects 
were observed when the hair follicles: were maintained 
withEGEXiO^n^^ 

human hair fpUicles (Mwe e 1983), 
anb^tn wi^e^^r^e 

act as a specific inhibi tor of rnatrix cell dMsibn\CWbor.e el 
ol. 1981) In sheep, EGF acts as a depilatory by inducing a 
premature anagen-to-catagen transformation. As a result 
of this" 1 the hai| fibre is weakened^ and this permits hand 
•shears? <^nare«p ;et:<&m#h 
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In pur model we have shown that isolated human hair 
follicles, maintained with ISGFshow considerable morpho- 
logical changes. We have found that EGF promotes the 
fortnatipn of a club hair-like struciure, which appears to 
migrate upwards in the hair follicle until by day 5 it is 
yi^^lly extrude^ from the hair-folUcie. This in vitro 
depilatory effect, which appears to mimiethe>itt vivo action 
of EGF, confirms the value of this model in hair-follicle 
biology, and may also point to a possible role for EGF in 
regulating anagen to catagen transformation during the 
hair ^owth cycle; Table 1 shows: that: in the presence of 
EGF ihe hau^fpllicles remain viable: as determined by both 
the hair follicle ATP content »^(^^i^Udtt<e- uptake; 
hdweveri ^as expected, the ratfcs of \jm$thyl^HMiy midiiie 
uptake are signincahtly reduced- 

in^unohistochemistry has shown that TGF-01 is 
present in the mammalian dermal papilla (Heine et at 
1987j although the biological activity of this forro is not 
cfear Its in vivo function in the hair follicle is also not 
h^y^t; we 'Kfi'veidow shown that in ut/rp TCjF^l 

ir " "" " 

in,! 



Fig. 5. Light micrograph taken under ah 
inverted microscope showing the 
sequential effects of epidermal growth 
factor on the same hair follicle maintained 
m culture over a 72h period (A) freshly 
isolated hair follicle; <B) after 24h in 
culture; (C) 48 h; (D) 72h, showing the 
formation of a club hair-like structure, 
which apparently migrates upwards in the 
hair follicle, and resembles the in vivo 
depilatory action of EGF. The hair follicle 
shown in- 't^s^figu^'^sz-i^lated: from a 
dark-haired individual arid shows a highly 
pigmented region adjacent to the dermal 
papilla, this contrasts with the hair 
follicle shown in Fig 2> which was taken 
from a fair-haired individual and as such 
is not so highly pigmented. HdSVeveiy the 
EGF effect is the, same; in both pigmented 
and non-pigmented hair follicles 



^thymidine uptake in response to lOngml^ 1 TGF-/S1. 



cal alterations observed with EGF! The TGF-01 effect in 
vitro is curious because,, although TGFr/£has ^jn shown 



vitro (Sporn et at 1981), it is known: ithat topical TPA 
stimulates mouse hair growth (Ogawa and Hattori, 1983; 
Inohara et at 1988), and it has also been shown that 



in 

vivo (Akhurste* al. 1988); However, we; show in Table 1 
that, mvitroi TPA also inhibits hair follicle growth. This is 
compatible with our in vitro TGF-jSi effect, and indicates 
that in vivo there m^y be further uncharactensed dermal 
paracrine phenomena or dose-response effects, 

Dermal fibroblasts produce IGF-1 utfro (Messenger, 
1989); however, in our model we ^ found n^ increase in hair 
follicle lertgfch in vitro, despite the significant stimulation 
of [methyl^H^^iiijtie uptake. Hdweyer, it >iS; po^ifeje 
that the insulin present in our supplemented culture 
medium is saturating the, IGF- 1 receptors, although this 
would not explain; the ob^rved stirau^ 
thymidine uptake. 

Muma^hair^ vitro. '4f}9 
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Fig. 6. Graph showing the effects of serum on isolated human 
hair follicles maintained in vitro over 5 days. Results are 
expressed as the mean±s.E.M. for sequential measurements 
made on hair follicles isolated from n=6 skin biopsies (6 hair 
follicles used from each biopsy, 36 hair follicles in total). 
(■) Serum-free; (O) 1% FCS; (□) 20% FCS. 
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Fig. 7. Graph showing the effects of growth factors and 
mitogens on isolated human hair follicles maintained in vitro 
over 5 days in the presence of 1% FCS, EGF (lOngmP 1 ), IGF- 
1 (30ngmr 1 ),TGF-/31 (lOngm!" 1 ) and TPA (100 /igmP 1 ). 
Results are expressed as the mean±s.E.M. for sequential 
measurements made on hair follicles isolated from n=6 skin 
biopsies (6 hair follicles used from each biopsy, 36 hair follicles 
in total). (♦) 1% FCS; (O) IGF-1; (■) EGF; (•) TGF-01; 
(O)TPA. 



In this study we have also looked at the effect of serum 
on maintained human hair follicles and shown that when 
human hair follicles were maintained in serum-free 
medium they were still growing in a linear fashion after 5 
days in culture whereas hair follicles maintained in tissue 
culture medium containing 1% FCS were significantly 
inhibited after 5 days in culture (P<0.01), as were hair 
follicles maintained in 20% FCS (P<0.01); there was no 
significant difference between hair follicles maintained in 
1 % or 20 % FCS. These observations indicate that human 
hair follicles maintained in culture do not apparently have 
a requirement for serum for elongation and that serum 
factors may in fact be inhibitory. It is known that TGF-0 is 
present in serum (Chi Ids et al. 1982) and as we have 
already shown in this study TGF-/J is a potent inhibitor of 
hair follicle growth in vitro. It will be interesting to see 
whether it is TGF-J8 in the serum that is inhibiting hair 
follicle growth or whether other inhibiting factors are 
present. 

Minoxidil stimulates human hair growth in vivo 
(Clissold and Heel, 1987). We found, however (Table 1), 
that up to 72 h in vitro Minoxidil either had no effect, or at 
200 //g ml*" 1 significantly inhibited hair growth, without 
effect on cell viability. Recent in vivo studies, however 
(Frienkel et al. 1989), indicate that Minoxidil may not 
increase the rate of hair growth as such, but rather it may 
increase the length of anagen by shortening the time that 
the hair follicle is in the resting stage of its growth cycle. 
We would, therefore, not necessarily have expected a 
Minoxidil stimulation of an anagen hair follicle that was 
already growing at a rate close to that seen in vivo. 

However, for hair follicles maintained for 5 days in the 



presence of Minoxidil we observed that 200ngml" 1 
Minoxidil (0.95 tm) significantly stimulated hair follicle 
growth. This was not apparently due, however, to an 
actual stimulation of hair growth, it appeared that the 
Minoxidil was counteracting the serum-induced cessation 
of hair growth at 4 days. This model, therefore, may be 
useful for dissecting Minoxidil's mode of action. The 
concentration of Minoxidil that was active in our hands 
contrasts with those of Buhl et al. (1989) and Waldon et al. 
(1989), who have reported, using a rat vibrissae culture 
system, that the minimum effective dose of Minoxidil is 
between 0.5 mM and 1.0 mM. In the human hair follicle we 
have found that 10//gml~" 1 (48 jtM) Minoxidil had no 
significant effect on human hair follicles whereas 
200 ^gmP 1 (0.95 mwr) significantly inhibited hair follicle 
growth. Again these observations contrast with those of 
Buhl et al. (1989), who report that only a concentration as 
high as 10 mM Minoxidil is inhibitory. Clearly, human 
hair follicles isolated by the methods described here are 
much more sensitive to Minoxidil. 

In conclusion, we have developed an in vitro model for 
human hair growth that reproduces the in vivo rate of hair 
growth, as well as the apparent in vivo pattern of cell 
division in the hair follicle matrix cells. The importance of 
this model in hair follicle biology has been demonstrated 
by the in vitro effects of EGF, which mimic those seen in 
vivo, and by the growth inhibitory effects of TGF-01. Also, 
the observation that hair follicles grow for a longer period 
of time in serum-free medium suggests that they are able 
to regulate their own growth, possibly by the production of 
relevant growth regulatory factors. This should prove 
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Fig. 8. Graph showing the effects of Minoxidil on isolated 
human hair follicles maintained in vitro over 5 days. Results 
are expressed as the mean+s.E.M. for sequential measurements 
made on hair follicles isolated from n=6 skin biopsies (6 hair 
follicles used from each biopsy, 36 hair follicles in total). 
(O) 200ngmr i Minoxidil; (O) lO/igml" 1 Minoxidil; 
(•) 200 /ig mP 1 Minoxidil; (■) 1 % FCS. 



useful in identifying the autocrine/paracrine mechanisms 
that operate in the hair follicle. 
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